Toward a Choate View of Fate
We begin life as a single totipotent cell that divides into millions of progeny cells. As our cells divide, daughter cells become morphologically and functionally different from their grandmothers, mothers, sisters, and aunts. This process of specialization forms the basis of our development into complex multicellular organisms. A cell's functional identity and fate are thought to be controlled by the RNAs it expresses, and cellular identity and fate can be altered by changing its RNA compilation, a process called reprogramming. If a cell becomes aberrantly programmed during development, an entire linage can be disrupted with devastating consequences. Thus, an important objective in biology is to completely understand cell-type lineages and the transcriptional states underlying cell fates so we can recognize and correct lineage problems when they happen and artificially reprogram cell fates when desired. But the task of mapping every cell lineage in a multicellular organism has been piecemeal and challenging.
In a collection of recent papers, researchers now report some exciting progress using single-cell RNA sequencing (scRNA-seq) to efficiently determine the complete transcriptomes of tens of thousands of individual cells from either flatworms, frogs, or fish at different time points Farrell et al., 2018; Fincher et al., 2018; Plass et al., 2018; Wagner et al., 2018) . Then, using computational algorithms, they order every cell based on both transcriptome similarity and chronology and generate unprecedented whole-organism charts of ordered cell lineages as branching trees. Impressive in both their resolution and scale, these studies can deconstruct the composition and histories of complex tissues in an unbiased way without the need for much a priori knowledge. Thus, lineage maps for newer animal models, such as Planaria or Nematostella (Sebé -Pedró s et al., 2018), can be constructed from scRNA-seq data in addition to the classic animal models. Reassuringly, the lineage maps from traditional models-zebrafish and frog embryos Farrell et al., 2018; Wagner et al., 2018 )-confirm observations from previous studies. More interestingly, these studies collectively present new thematic insights into cellular specification and fate.
The first reoccurring theme is that several lineage divergence points occur earlier than previously thought. For example, during the first day of frog development, Briggs et al. (2018) observe that multiple progenitor cells arise surprisingly early, including epidermal progenitors, cells forming the tail bud, and endothelial/hemangioblast progenitors, which appear about 10 hours earlier than expected. Similar observations are made in the zebrafish, where Farrell et al. (2018) document the separation of axial mesoderm from the rest of the mesendoderm surprisingly early, at the first blastoderm branchpoint when the entire mesendoderm separates from ectoderm.
Also, a surprising level of new cellular diversity is revealed. In the frog embryo, Briggs et al. (2018) identify 87 distinct cell type lineages, 18 (20%) of which were previously unrecognized. By examining the single-cell transcriptomes of regenerating planaria (multicellular flatworms), Plass et al. (2018) discover a parenchymal cell type depleted during regeneration that may serve as an energy reservoir. Also characterizing planaria, Fincher et al. (2018) discover a subcluster of muscle cells forming a stripe down the dorsal midline of adult animals. But at least once case of missing diversity is also presented- Briggs et al. (2018) search for a pool of frog progenitor neural crest cells hypothesized to retain multipotency from the blastula stage and come up empty handed. Thus, the authors provide evidence against the ''multipotency retention'' hypothesis in favor of a classic view that certain ectodermal cells reacquire multipotency during early neurulation.
This evidence for reacquisition is part of another broader theme of surprising lineage flexibility, now emerging from whole-organism scRNA-seq studies and also highlighted by the zebrafish studies. Here, Farrell et al. (2018) Wagner et al. (2018) , who note examples of lineage convergence and the difficulty that convergence presents for creating nice trees with branches that do not run into each other or loop back on themselves. Briggs et al. (2018) also describe flexible reuse of transcription factors in different lineage branches and surprising differences between scRNA-seq lineage maps constructed from developing zebrafish versus frogs. Myeloid cells progenitors, for example, appear early in frogs from involuted ventral mesoderm, but much later in zebrafish from much more specialized ventral mesoderm tissue. Amazingly, terminal differentiation of myeloid cells in both cases involves activation of the same master regulators, indicating an intriguing degree of programmable flexibility across diverse contexts. Evidence for multilineage priming (MLP), a phenomenon that occurs when uncommitted cells co-express RNAs associated with multiple terminal cell fates is also observed. Interestingly, Briggs et al. (2018) find widespread MLP before gastrulation but only at select branch points after gastrulation.
Despite the surprising degree of flexibility between lineages, these whole-organism scRNA-seq lineage-mapping studies still support the overall idea of canalization, in which cells adopt discrete persistent states that are separated by barriers (e.g., epigenetic barriers). Thus, despite the flexibility to move laterally from one branch to another, it is relatively difficult to create an entirely new state. Two zebrafish papers make this point by examining what happens to whole-organism lineage maps when developmental signals are disrupted. Remarkably, neither chordin mutation nor disruption of nodal signaling (Farrell et al., 2018) leads to the formation of qualitatively new cell states: instead, each mutation results in a loss of some specific wild-type states, while others remain intact.
These studies herald what will be a burst of future wholeorganism scRNA-seq studies that will shed light on the development, aging, and disorders of multicellular organisms. There are, of course, limitations to the approach. The data collected are only snapshots in time and are focused exclusively on the transcriptome without regard for other possible determinants of cellular identity and fate, such as the epigenome, proteome, metabolome, chemome, infectome, or envirome. And certain assumptions about developmental linearity are built into the analyses. Yet ultimately, these kinds of studies will provide us with a far more complete picture of how many cell types exist within a given organism and how each of them is formed.
